Abstract. Matrine, one of the main extract components of Sophora flavescens, has been shown to exhibit inhibitory effects on some tumors through autophagy. However, the mechanism underlying the effect of matrine remains unclear. The cultured human hepatocellular carcinoma cell line HepG2 and SMMC-7721 were treated with matrine. Signal transduction and gene expression profile were determined. Matrine stimulated autophagy in SMMC-7721 cells in a mammalian target of rapamycin (mTOR)-dependent manner, but in an mTORindependent manner in HepG2 cells. Next, in HepG2 cells, autophagy induced by matrine was regulated by p53 inactivation through AMP-activated protein kinase (AMPK) signaling transduction, then AMPK suppression switched autophagy to apoptosis. Furthermore, the interferon (IFN)-inducible genes, including interferon α-inducible protein 27 (IFI27) and interferon induced transmembrane protein 1 (IFITM1), which are downstream effector of p53, might be modulated by matrineinduced autophagy. In addition, we found that the p53 protein isoforms, p53β, p53γ, ∆133p53, and ∆133p53γ, due to alternative splicing of intron 9, might be regulated by the p53-mediated autophagy. These results show that matrine induces autophagy in human hepatoma cells through a novel mechanism, which is p53/AMPK signaling pathway involvement in matrinepromoted autophagy.
Introduction
Matrine is one of the main components extracted from Sophora flavescens (1) , and matrine has been widely applied in the treatment of a variety of tumors including hepatocellular carcinoma (HCC) (2) . It has been indicated that matrine can inhibit proliferation and then induce apoptosis and autophagy of certain types of tumor cells (3, 4) , e.g., C6 glioma cells and hepatoma G2 cells (5, 6) . Autophagy is a catabolic process involved in degradation of the cellular components such as long-lived proteins and organelles, through the lysosomal machinery (7) . Although initially identified as a process induced by cellular starvation, autophagy is currently recognized as the cellular adaptation to a variety of stimulations (8) . However, the role of autophagy in cancer is not clear. In some settings, autophagy delays apoptosis in response to chemotherapy (9) . Inhibition of autophagy enhances drug-induced apoptosis in human cancer lines (10) (11) (12) (13) (14) . In other settings, antitumor agents augment autophagic cell death.
The tumor suppressor p53 can maintain the integrity of genome DNA, regulate cell cycle progression and cell death, and thus, play a central role in response to stress (15) . Autophagy, like apoptosis and cell cycle progression, is associated with p53 (15) . The tumor suppressor p53 activates autophagy through its downstream targets. It has been shown that p53 interacts with mammalian target of rapamycin (mTOR) through AMP-activated protein kinase (AMPK) (16, 17) . However, the role of p53 signaling in regulation of autophagy remains to be studied.
The molecular mechanism of autophagy induction by matrine is not well studied so far. In this study, we found matrine-induced autophagy was mediated by p53/AMPK signaling pathway. Furthermore, for the first time, we demonstrated that p53 isoforms and the interferon (IFN)-inducible genes, i.e., IFI27 and IFITM1, might be regulated by the p53-mediated autophagy induction by matrine. The present study shed new insight into the mechanism of autophagy induction by matrine.
Biotechnology (Santa Cruz, CA, USA). Z-VAD-fmk was purchased from Promega (Madison, WI, USA). Constitutively active p53 was kindly donated by Dr Zhixin Zheng (Peking University School of Medicine, Peking, China). GFP-LC3 plasmid was kindly donated by Dr Mengqiang Li (Peking University School of Medicine, Peking, China). Matrine was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Peking, China).
Cell line and cell culture. HepG2 and SMMC-7721 cells were purchased from ATCC, and cultured in a 25-cm 3 flask with Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen), 100 U/l penicillin (Invitrogen), and 100 mg/l streptomycin (Invitrogen). The cells were treated with matrine for 48 h, and collected for further study thereafter.
Confocal microscopy. Cells were incubated with monodansylcadaverine (MDC, 0.05 mM), which was purchased from Sigma Chemical Co. After 1-h incubation at 37˚C, the cells were fixed in 4% paraformaldehyde for 15 min and immediately analyzed using a scanning confocal microscope (Olympus, Japan).
Cells at ~60% confluence were transfected with GFP-LC3 using Vigofect (Vigorous, Peking, China), 24 h later, and cells were subjected to various treatments and then detected by a scanning confocal microscope (Olympus, Japan). Percentages of punctuate distribution of GFP-LC3 dots were calculated in five non-over-lapping fields.
Electron microscopy. The trypsinized cells were fixed with ice-cold glutaraldehyde (3% in 0.1 M cacodylate buffer, pH 7.4) for 30 min. After fixation in OsO 4 , the cells were embedded in Epon, and stained with uranyl acetate/lead citrate (Fluka, Buchs, Switzerland). Observation was performed on a JEM1230 electron microscope (JEOL, Japan).
Flow cytometry analysis. Cells were treated with the indicated concentrations of chemotherapeutic agents for 48 h, followed by staining with Annexin V-fluorescein isothiocyanate (FITC) (BD Pharmingen, CA, USA) and propidium iodide (PI) (BD Pharmingen), and subsequently, analyzed by flow cytometry (FACSAria, Becton-Dickinson, USA). Real-time PCR was performed by pre-denaturation at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The data were analyzed with ∆Ct method according to the manufacturer's instructions (Applied Biosystems, CA, USA). The data were normalized to the housekeeping gene GAPDH. Changes in gene expression were illustrated as a fold increase/decrease. The experiments were repeated three times.
Isolation
RNA interference. Cells were seeded at 30-50% confluence per well in 6-well plates overnight and transfected with target gene specific siRNA or control siRNA duplex (Santa Cruz Biotechnology, Inc.), and then cultured with various treatments. Blockage of target gene was successfully examined by immunoblotting analysis.
Western blot analysis. Proteins obtained from cell lysates (40 µg protein/lane) were separated on SDS-PAGE by electrophoresis, and transferred to nitrocellulose membranes. The membranes were incubated with the primary antibodies, and then probed with secondary antibodies. The specific bands were visualized using an enhanced chemiluminescence system (Pierce Biotechnology, Inc., Rockford, IL, USA).
Statistical analysis. Data are expressed as mean ± SEM. The number of individual experiments is described in the figure legends. Statistical analysis was performed using SPSS 17.0 statistics software (SPSS, Inc., Chicago, IL, USA). P-values <0.05 were considered as statistically significant.
Results

Matrine inhibits proliferation and induces apoptosis of human hepatoma cells.
Matrine has been reported to promote apoptosis in previous in vitro studies (21, 22) . To study the effect of matrine on proliferation and apoptosis of human hepatoma cells, we treated HepG2 cells and SMMC-7721 cells with different doses of matrine for 48 h, and detected apoptosis of the cells, respectively. As shown in Fig. 1 , at low dose of 0.8 mg/ml, matrine induced a slight increase of apoptosis of HepG2 cells and SMMC-7721 cells as compared with the untreated cells, while matrine induced a significant elevation in apoptosis level at median dose of 1.6 mg/ml and at large dose of 3.2 mg/ml.
Matrine stimulates autophagy in human hepatoma cells.
The number of MDC-stained punctuate structure, an indicator of autophagosomes, was significantly increased in human hepatoma cell lines after exposure to matrine at low dose of 0.4 mg/ml, and reached a peak at 0.8 mg/ml, then a slight decrease at 1.6 mg/ml ( Fig. 2A) . Based on these results, treatment with 0.8 mg/ml of matrine for 48 h was used for further studies on autophagy in hepatoma cells.
LC3, a mammalian homologue of Atg8, is widely used as a specific marker for detecting autophagy (23) . As shown in Fig. 2B , confocal microscopy assay showed the significant increase of the punctuate GFP-LC3 in matrine-treated cells, which was in line with MDC staining analysis. Similar results were observed through immunoblotting assay. P62/ SQSTM1, as a substrate of autophagy, was selectively degraded by auto-lysosomes. Autophagy inhibition promoted the accumulation of p62/SQSTM1. The degradation of p62/SQSTM1 was detected in matrine-treated cells through western blot analysis (Fig. 2B ). Transmission electron microscopy (TEM), one of the most reliable methods for detecting autophagy (24) , demonstrated that autophagic vacuoles were easily observed in both hepatoma cell types exposed to matrine at 0.8 mg/ml (Fig. 2C ). These results indicated that autophagy was activated by matrine in human hepatoma cells. Furthermore, we analyzed whether matrine-induced autophagy is regulated by mTOR kinase, a central regulator for autophagy. Phosphorylation of p70S6K at Thr389, a downstream effector of mTOR and widely considered to reflect mTOR activity, was downregulated in matrine-treated SMMC-7721 cells, but upregulated prominently in matrine-treated HepG2 cells, compared with untreated cells, suggesting that induction of autophagy by matrine was through an mTOR-dependent manner in SMMC-7221 cells, but an mTOR-independent manner in HepG2 cells (Fig. 2D) .
Matrine-induced autophagy involves p53 inactivation via AMPK signaling pathway. We then investigated the molecular mechanism of matrine-induced autophagy in HepG2 cells. We first examined PI3K-Akt and MAPK/ERK signaling pathways, which are associated with autophagy. A decrease of Akt and ERK phosphorylation was detected in matrine-treated cells as compared with control (Fig. 3A) . Then, we analyzed the AMPK activity, which plays an important role in regulating autophagic activities. A slight elevation on AMPK phosphorylation at Thr172 was observed after matrine treatment at the dose of 0.8 and 1.6 mg/ml. Consistently, similar results were obtained from analysis of phosphorylation of acetyl-CoA carboxylase (ACC), a substrate of AMPK. This suggests that AMPK signaling pathway participates in matrine-induced autophagy (Fig. 3B) . Accumulating evidence has shown that the p53 tumor suppressor gene is implicated in autophagic activity via the AMPK signaling pathway (17) . Furthermore, we investigated whether p53 regulates AMPK and thus activates matrine-induced autophagy. Immunoblotting analysis showed that p53 suppression was detected in HepG2 cells under matrine treatment (Fig.3C) . Subsequently, after transfecting matrine-treated cells with p53 overexpression plasmid, a remarkable increase of p53 was observed. The ratio of LC3-II/β-actin and AMPK phosphorylation at Thr172 was reversely alleviated as compared with cells transfected with the pcDNA 3.1 empty vector (Fig. 3D) . These results suggest that matrine-induced autophagy is negatively regulated by p53 through AMPK signaling transduction.
The p53β and ∆133p53γ isoforms are upregulated by 3-MA, whereas the p53γ and ∆133p53 variants are downregulated by 3-MA. Moreover, to determine whether the human p53 mRNA splice variants are linked to the matrine-induced autophagy, we amplified splice variants of p53 mRNA, including p53β, p53γ, ∆133p53, ∆133p53β and ∆133p53γ, by RT-PCR. As shown in Fig. 3E , the expression of p53β and ∆133p53γ isoform was downregulated in matrine-treated cells compared with control. However, the expression of p53β and ∆133p53γ isoform was upregulated in cells treated with matrine and 3-methyladenine (3-MA), a commonly used autophagy inhibitor. Conversely, the p53γ and ∆133p53 mRNA variant was upregulated in matrine-treated cells and downregulated in cells treated with matrine and 3-MA. The expression of ∆133p53β mRNA variant was attenuated in the cells exposed to matrine. However, no significant difference was observed in ∆133p53β mRNA variant expression between cells treated with matrine and 3-MA and cells treated with matrine alone (Fig. 3F) . These results imply that the autophagic process induced by matrine might contribute to the conversion of p53 splice variants, i.e., p53β, p53γ, ∆133p53 and ∆133p53γ expression.
AMPK inhibition switches matrine-induced autophagy to apoptosis.
We assessed the role of AMPK in matrineinduced autophagy and apoptosis. Inactivation of AMPK by compound c, a specific inhibitor of AMPK, and RNA interference (RNAi) was conducted. The increase of LC3-II/β-actin ratio after matrine treatment was attenuated in cells treated with matrine and compound c, compared with cells treated with matrine alone. Similar results were obtained when blocking AMPK expression with AMPK-α siRNA ( Fig. 4A and B), indicating that AMPK signaling was implicated in matrine-promoted autophagy in HepG2 cells. Moreover, there was an increase of apoptotic cells in matrine-treated cells in combination with compound c than matrine alone. In addition, this elevation in apoptosis level was downregulated by Z-VAD-fmk, a pan-caspase inhibitor (25) (Fig. 4C) . Altogether, these results indicate AMPK inactivation triggers apoptosis through autophagy inhibition in HepG2 cells.
The IFN-signaling transduction is alleviated by autophagy inhibition and p53 activation, respectively. We further investigated the molecular mechanism of matrine-induced autophagy through cDNA array analysis. The expression of 280 genes were upregulated ≥2-fold, and the expression of 58 genes were downregulated ≥2-fold in matrine-treated cells at the dose of 0.8 mg/ml. The 3-fold downregulated or 4-fold upregulated genes are shown in Table I . RT-PCR was used to examine expression of several representative genes, including interferon α-inducible protein 27 (IFI27), interferon induced transmembrane protein 1 (IFITM1), and caspase 1 (CASP1). IFI27 and IFITM1 are two IFN-inducible genes and are reported to be related to autophagy (26) . CASP1 is one of the apoptosis-related genes. The expression levels of IFI27, IFITM1 and CASP1 as revealed by RT-PCR analysis were consistent with those by cDNA array analysis (Fig. 5A) . Next, 3-MA was used to detect whether the selected genes are related to matrine-induced autophagy. The increased expression of IFI27 and IFITM1 were significantly attenuated, but CASP1 expression were slightly strengthened after co-treatment with 3-MA, as shown by RT-PCR and real-time PCR (Fig. 5B ). This suggests that the two IFN-inducible genes of IFI27 and IFITM1, but not CASP1, may be positively regulated by matrine-induced autophagy. We evaluated whether the role of IFN-mediated signaling transduction in hepatoma cells is modulated by p53. Real-time PCR showed that cells transfected with p53 overexpression plasmid had increased levels of IFI27 and IFITM1 expression in comparison with cells transfected with the control plasmid. After subjecting the cells transfected with the control plasmid to matrine, a more remarked increase of the two genes was observed and this increase was reversely inhibited by transfection with the p53 overexpressing plasmid (Fig. 5C ).
Matrine-induced autophagy protects against death of HepG2 cells.
It is unclear whether autophagy induction by matrine is protective or toxic. Initially, autophagy inhibition by 3-MA, a commonly used autophagy inhibitor, was confirmed by MDC staining in HepG2 cells (Fig. 6A) . Subsequently, our study showed that 3-MA significantly enhanced matrine-induced apoptosis as showed by flow cytometry, which was alleviated by Z-VAD-fmk (Fig. 6B) . Additionally, we explored whether blockage of autophagy by RNA interference (RNAi) enhanced matrine-induced cell death or not. After matrine treatment, beclin-1-siRNA transfectants had 24.2% increase of apoptotic cell death in comparison with control-siRNA transfectants (12.9%) (Fig. 6C) . These results indicated that matrine-induced autophagy has protective effects on hepatoma cells. 
Discussion
Matrine has been reported to induce apoptosis and inhibit proliferation of cancer cells. However, the exact mechanism is still unknown. The present study demonstrates that matrine was able to affect both autophagy and apoptosis in human hepatoma cells. Our results were consistent with previous studies in C6 glioma cells and hepatoma cells (5, 6) . However, our study showed that there was inverse correlation between apoptosis and autophagy in matrine-treated cells. Another finding of this study was that autophagy, but not apoptosis, predominated at low dose of matrine treatment. LC3 expression further confirmed this finding, suggesting that the initiation of apoptosis may be blocked by the autophagic system. Autophagy is usually activated by antineoplastic agents, yet it is not clear whether this is a futile effort for cellular preservation or a death mechanism. It has been reported that in matrine-treated C6 glioma cells, besides apoptosis, autophagy is another process of cell death whereas other studies demonstrate that autophagy inhibits apoptosis (11) (12) (13) (14) . What is the relationship between autophagy and apoptosis in matrine-treated hepatoma cells? To clarify this question, 3-MA and beclin-1 siRNA were administered to inhibit autophagy respectively, resulting in increment of apoptosis of HepG2 cells. We therefore conclude that matrineinduced autophagy may protect the cells against apoptosis. The tumor suppressor p53 plays a dual role in autophagy, i.e., turning autophagy either on or off (15) . It has been demonstrated that p53 inactivation by deletion, depletion or inhibition exerts its ability to stimulate autophagy (8) . Consistent with these observations, our studies demonstrated that p53 inactivation was observed in HepG2 cells under matrine treatment, whereas p53 activation reversely suppressed the increased autophagic process induced by matrine. It is conceivable that p53 may negatively regulate matrine-induced autophagy in HCC cells. Inactivation of p53 has been recently shown to negatively regulate autophagy via AMPK signaling pathway, which is the same to autophagy induction by p53 activation (27) . Similarly, we found that p53 overexpression lead to AMPK dephosphorylation and LC3-II conversion, suggesting that p53 negatively regulating autophagy may be via AMPK signaling pathway. Accumulating data have provided evidence that AMPK plays a key role in autophagy. Our earlier report showed that AMPK activation contributes to DNA damaged-induced autophagy in HepG2 cells (28) . Consistently, in this study, we showed that AMPK was activated in matrine-treated HepG2 cells. Moreover, inactivation of AMPK by compoud c caused the conversion of LC3-II, implying that AMPK signaling may be involved in autophagy induction by matrine. These results suggest that AMPK activation is implicated in matrine-induced autophagy through p53 suppression. Then inhibition of AMPK by compound c clearly enhanced matrine-induced apoptosis in HepG2 cells. The disruption of AMPK may contribute to the switch from autophagy to apoptosis. Presumably, AMPK signaling transduction is a control switch from autophagy to apoptosis. Conceivably, increase of ATP levels in matrinetreated cells triggers AMPK loss and thereby switch autophagy which functions as maintaining cell survival to apoptotic cell death. AMPK initiates a series of downstream phosphorylation events and one major downstream event is to induce autophagy through inhibition of mTOR, a pivotal regulator for autophagy (29) . Interestingly, we found that matrine induced autophagy may be independent of mTOR inhibition in HepG2 cells, but dependent of mTOR inhibition in SMMC-7721 cells. A similar result was observed where fangchinoline-induced autophagy is mediated by p53/AMPK signaling pathway in an mTOR-independent manner in both HepG2 and PLC/PRF/5 cells (30) . Some small molecules, such as intracellular inositol or inositol 1,4,5-trisphosphate (IP3), have also been shown to activate mTOR-independent autophagy in vitro (31, 32) . These results indicate that autophagy induction by matrine in HepG2 cells may not act through the mTOR signaling pathway, but rather through stimulating an unknown signaling pathway.
The p53 isoforms, including p53β, p53γ, ∆133p53, ∆133p53β and ∆133p53γ, are generated by alternative splicing of intron 9 and have been reported to be encoded in human p53 gene (20) , and implicated in apoptosis (20) . The ∆133p53 and p53β splice variants have also been demonstrated to function as endogenous modulators of cellular senescence (33) . However, it is unclear whether the p53 splice variants function in the increased autophagy in context-specific ways. In the present study, matrine treatment caused a decline of p53β and ∆133p53γ, but an elevation of p53γ and ∆133p53. However, chemical inhibition of autophagy by 3-MA reversed the effects of these isoforms induced by matrine. This study, for the first time, suggests that autophagy induction by matrine may influence the splice variants. The p53β and ∆133p53γ variants may be negatively controlled by autophagy, while the p53γ and ∆133p53 isoforms may be positively controlled by autophagy. Nonetheless, chemical inhibition of autophagy had no effect on ∆133p53β levels, implying that ∆133p53β may not be regulated by matrine-induced autophagy. In this regard, p53 variants perhaps was modulated by autophagy within a broader network. The interplay between autophagy and their role in p53 isoforms is still under investigation because our preliminary results are merely able to offer a clue at mRNA levels.
Autophagy has been implicated in the immune system. The induction of autophagy in immune cells serves as an innate immune response to defend against intruding pathogens (34, 35) . In addition to regulation of the immune system, interferon (IFN)-inducible genes also play important roles in proliferation and tumorigenesis of tumor cells. IFITM1, a member of the interferon-induced transmembrane protein family, has been observed to induce tumor cell proliferation, and be upregulated in many kinds of tumors (36) . IFI27, among the interferon α-inducible proteins, is also a mitochondrial protein resistant to apoptosis. IFI27 may influence the innate immune responses of IFNs, and thus may be a novel marker of proliferation and cancer (37) . Given that autophagy functions to promote cell survival and to resist apoptosis, what is the relationship between the IFN-inducible proteins and autophagy? Our results revealed a positive role for autophagy induction by matrine on the IFN-mediated signaling transduction. Conversely, a recent study indicates that HCV-induced autophagy inhibits the expression of IFN-stimulated genes, including IFI27, and that suppression of autophagy induces the IFN signaling pathway and apoptosis in HCV-infected hepatocytes (26) . This study has demonstrated that autophagy can negate the IFN signaling pathway and serve as a defensive mechanism. This discrepancy may be partly explained by the distinct effect of IFN-stimulated genes on cell types. We further demonstrate that the IFN signaling transduction might be positively modulated by p53. Matrine treatment caused a significant elevation of the IFN-inducible genes, which were reversely downregulated by p53 activation. In addition to the central p53/AMPK pathway of autophagy induced by matrine, p53 mediated-autophagy is at least in part through the IFN-inducible genes in human hepatoma cells under matrine treatment.
In conclusion, matrine induces autophagy through p53/ AMPK signaling. In addition, matrine-induced autophagy might contribute to the regulation of the p53 splice variants and the IFN-inducible genes in human hepatoma cells. Pharmacological regulation of autophagy may improve the therapeutic effect of matrine against HCC and thereby improve survival of patients with malignancy.
